Gravitropism in dark-grown hypocotyls of the wild type was compared with a starch-deficient Nicotiana sylvestris mutant (NS 458) to test the effects of starch deficiency on gravity sensing. In a time course of curvature measured using infrared video, the response of the mutant was greatly reduced compared to the wild type; 72 hours after reorientation, curvature was about 100 for NS 458 and about 700 for wild type. In dishes maintained in a vertical orientation, wild-type hypocotyls were predominantly vertical, whereas NS 458 hypocotyls were severely disoriented with about 5 times more orientational variability than wild type. Since the growth rates were equal for both genotypes and phototropic curvature was only slightly inhibited in NS 458, the mutation probably affects gravity perception rather than differential growth. Our data suggest that starch deficiency reduces gravitropic sensitivity more in dark-grown hypocotyls than in dark-or light-grown roots in this mutant and support the hypothesis that amyloplasts function as statoliths in shoots as well as roots.
sive than WT3 maize coleoptiles (8) . Light-grown hypocotyls of a starchless mutant of Arabidopsis exhibited 70 to 80% of the gravitropic curvature of the WT (3). In general, there are relatively few studies on structural/functional aspects of gravitropic sensing in stems (14, 15) .
In the present study, we evaluate gravitropism in darkgrown hypocotyls of a starch-deficient Nicotiana mutant. We report here that the gravitropic performance of mutant hypocotyls is less than that ofthe WT, and that starch deficiency reduces gravitropic sensitivity more in dark-grown Nicotiana hypocotyls than in dark-or light-grown roots. These results are consistent with a plastid based statolith hypothesis for shoots as well as roots.
MATERIALS AND METHODS

Plant Material and Culture Conditions
According to the starch statolith hypothesis, amyloplasts are involved in gravity perception in both roots and shoots (reviewed in refs. 1, 16, 21) . To test this hypothesis, gravitropism has been examined in starch-deficient plants obtained by treatment (e.g applied chemicals, darkness) or mutation (reviewed in ref. 18) .
Because roots of a starchless Arabidopsis mutant are gravitropic, starch, amyloplasts, and amyloplast sedimentation are not necessary for gravitropic sensing in these roots (3, 9) . However, because the roots of the mutant Arabidopsis and of a starch-deficient Nicotiana mutant have decreased gravitropic sensitivity, it is likely that amyloplasts and a full complement of starch are necessary for full gravitropic sensitivity (9, 10) .
Few data are available about the effects of starch deficiency on shoot gravitropism. In Hordeum pulvini, the degree of gravitropic curvature was proportional to the amount of starch present, and pulvini that were completely destarched (by treatment) did not curve upward at all (20) (4) .
For gravitropic curvature, growth, and structural studies, seedlings were grown at 24°C under sterile conditions in square polystyrene Petri dishes (100 x 15 mm, VWR Scientific) on 1% (w/v) agar containing the nutrients described in Haughn and Somerville (6) with 1% (w/v) sucrose added. Seeds were surface sterilized (6) and sown on the agar medium in rows, and the Petri dishes were sealed with Parafilm. The dishes were placed on edge in a rack so that the surface of the agar was vertical. To promote germination, the seeds were incubated on the medium for 3 d under continuous illumination (90-100 E * m-2 s-' PAR from 40-W General Electric 'warm white' fluorescent lamps), and then the dishes were placed in complete darkness for an additional 6 to 7 d. Seedlings were used when hypocotyls were 16 to 20 mm long, i.e. 9 to 10 d after sowing. All experiments were repeated two to five times.
In one set of experiments, the orientation of roots was measured from seedlings grown in the light; details of these culture conditions were described previously (1O). ( 11) and examined using light microscopy.
Measurement of Vertical Orientation, Curvature, and Growth
To quantify the extent of deviation from the gravity vector of vertically grown plants, the angle between the hypocotyl or root apices and the gravity vector was measured from photographic prints as described (9) , except that a scale of 0 to 180°w as used in the present study. The vertical was defined as 00 (i.e. up for hypocotyls and down for roots).
To avoid possible interactions between visible light and gravitropism or growth, the time course ofcurvature following gravistimulation and growth rates ofhypocotyls was measured using an infrared video system (Fig. 1) . Dark-grown seedlings were placed in a light-tight box and illuminated with a Sylvania infrared lamp filtered through a long pass infrared filter RG830-850 (Schott Glass, Duryea, PA). The inside of the box was lined with aluminum foil to reflect the infrared 
RESULTS
Starch Content and Plastid Sedimentation
Staining with IKI indicated that dark-grown WT hypocotyls (Fig. 2a) contained much more starch than mutant NS 458 hypocotyls (Fig. 2b) . However, by careful observation, small starch grains could be detected in IKI stained mutant hypocotyls. Most of the starch in the WT and mutant was found in the endodermis or starch sheath (Figs. 2, 3 ). This distribution and the relative amounts of starch were confirmed by transmission electron microscopy ( Fig. 3a, b) . Prolamellar bodies were observed in plastids of both genotypes (Fig. 3a, b) .
Amyloplast sedimentation was observed in endodermal cells in vertical upright parts of WT hypocotyls (Figs. 2a, 3c ). Light and transmission electron microscopy revealed that plastids of the mutant were not sedimented in endodermal cells (Fig. 3d) .
Orientation of Vertically Grown Seedlings
Dark-grown WT hypocotyls were closely oriented around the gravity vector (Fig. 4a) whereas mutant hypocotyls were severely disoriented (Fig. 4b) . The distribution around and extent of deviation from the gravity vector of hypocotyls in vertically oriented Petri dishes are shown in histograms (Fig.  5) . Orientation was further quantified by calculating the mean angle ± SD from the vertical ( Table I) .
The mean angle from the vertical of dark-grown mutant hypocotyls was 47.0°, whereas it was 10.6°for the WT, and the ratio of the standard deviations of the mutant:WT hypocotyls was 5.3 (Table I) The orientation of light-grown hypocotyls was not compared because of the interaction between gravitropism and light effects including phototropism (5, 22) , whereas the orientation of light-grown roots could be measured since they are not phototropic (10) .
Time Course of Gravitropic Curvature
When the time course of gravitropic curvature was measured with an infrared video system, curvature was greatly reduced in dark-grown mutant hypocotyls compared to the WT, but mutant hypocotyls did curve upward slightly (Fig.  6 ). Since mutant hypocotyls were severely disoriented (Fig.  4b) are less sensitive to gravity than WT hypocotyls. These differences are not likely to be due to hidden background mutations, since the NS 458 mutant was backcrossed. These data reinforce previous data for roots (9, 10 ) that a full complement of starch is necessary for full gravitropic sensitivity and that amyloplasts are likely to function as statoliths in hypocotyls as well as in roots.
Although preliminary observations suggested that the darkgrown mutant Nicotiana hypocotyls were agravitropic, quantification permitted us to conclude that these mutant hypocotyls were weakly gravitropic because (a) mutant hypocotyls curved upward 12°(versus 68°for the WT) after 72 h of gravistimulation, and (b) vertically grown hypocotyls of the mutant had a mean angle of 470; presumably, if they were agravitropic, this angle would be 900. It would be valuable to determine whether other mutants described as agravitropic (12) are actually weakly gravitropic. While dark-grown Nicotiana hypocotyls are weakly gravitropic, it also would be important to determine whether light affects the relative grav- plastids of the root (10) and hypocotyl (Fig. 3b) . In contrast, Arabidopsis mutant TC7, which also is deficient in plastid phosphoglucomutase activity, is starchless (3, 9, 17).
Our results demonstrate that dark-grown NS 458 hypocotyls are less responsive to gravity than dark-grown WT hypocotyls since: (a) WT hypocotyls were oriented while those of the mutant were severely disoriented during vertical growth, and (b) curvature of mutant hypocotyls was greatly reduced compared to WT hypocotyls in time course studies. In previous work with roots of Arabidopsis and Nicotiana, gravitropic sensitivity was measured by calculating the presentation and perception times, which estimate thresholds for gravitropism (9, 10). Because of the difficulty of using a clinostat in conjunction with the infrared recording system used for hypocotyl measurements, these threshold values were not determined.
Since threshold values were not measured, the question arises as to whether reduced curvature in mutant hypocotyls results from lowered sensitivity (perception) or whether impairment of later stages of gravitropism contributes as well. We suggest that the primary effect of the mutation is upon gravity perception rather than the later stages. First, el ongation was not impaired by the mutation since hypocotyl growth rates were equal in both genotypes. Second, mutant hypocotyls were capable of differential growth that produced phototropic curvature. Although the phototropic curvature of mutant hypocotyls 24 h after unilateral irradiation was somewhat reduced compared to the WT (79% of WT curvature), gravitropic curvature of the mutant was only 13% of the WT after 24 h of gravitropic stimulation. Thus, it is likely that the NS 458 hypocotyls are impaired more in gravitropic sensing than in differential growth and that these mutant hypocotyls Table I . Plant Physiol. Vol. 94, 1990 contributes to sensing and functions in addition to amyloplasts. If the mutant plastids were statoliths in these hypocotyls, then plastid sedimentation is not required for sensing, although sedimentation (which occurs with a full complement ofstarch) may be necessary for full sensitivity. This conclusion is consistent with data for starch-deficient mutant roots (9, 10) .
Previous data showed that starch-deficient Nicotiana roots were more closely oriented around the vertical than starchless Arabidopsis roots (9, 10) . We suggested that this improved orientation resulted from the presumed relative increase in plastid buoyant mass (Nicotiana mutant plastids > Arabidopsis mutant plastids). However, we report here that starchdeficient Nicotiana hypocotyls are less oriented about the vertical than starchless Arabidopsis hypocotyls (Fig. 8 in ref. 3). These observations suggest that comparisons between different species may not be appropriate.
Nevertheless, it is useful to compare the gravitropic performance of organs within a species (i.e. roots versus shoots) and between genotypes (i.e. WT versus mutant). Both Nicotiana and Arabidopsis mutant hypocotyls were more disoriented than mutant roots of their respective species (3, 10, this paper). This suggests that starch deficiency reduces gravitropic sensitivity more severely in shoots than in roots, and that gravity perception in shoots may require a greater plastid buoyant mass than in roots.
In all cases studied, the starch-deficient mutants showed reduced gravitropism (3) and reduced gravitropic sensitivity (9, 10, this paper) compared to their respective WT organs. These data are consistent with a plastid-based statolith hypothesis for gravity perception in both roots and shoots.
